The aim of this study was to prove whether pigs are able to synthesize vitamin D (vitD) in the skin and to investigate the influence of ultraviolet irradiation (UVB) on vitD status and calcium (Ca) homeostasis of growing pigs. Thirty-two 11-week-old pigs were kept without access to sunlight and divided into four groups receiving the following treatment in a 2 9 2 factorial design: (i) UVB irradiation or not and (ii) vitD in feed or not. Blood, urine and faeces were sampled every third week. In serum, vitD metabolites, Ca, phosphorus (P), magnesium (Mg) and bone markers were analysed. Digestibility of Ca, P and Mg as well as urinary excretion of these minerals was analysed. After 14 weeks, the animals were slaughtered, and samples of skin, intestines, kidneys and bones (metatarsus) were taken for further analyses: sterols of vitD synthesis in the skin, Ca flux rates in the intestines, expression of genes involved in Ca transport in the intestines and kidneys, bone mineral density (BMD) with the aid of peripheral quantitative computer tomography and bone mineral content by ashing the metatarsus. Irradiated animals showed higher levels of 7-dehydrocholesterol and tachysterol in the skin, higher levels of 25-hydroxycholecalciferol and 1,25-dihydroxycholecalciferol in the serum and higher Ca net flux rates were determined in Ussing chambers. In contrast, the expression of genes involved in Ca transport in the intestines and kidneys was not altered. Similarly, the digestibility of Ca and P as well as the urinary excretion was not affected. With respect to the metatarsus, no differences in mineral contents and BMD were found between groups. At the end of the study, some subclinical signs of beginning vitD 'insufficiency' were observed in the group without access to vitD (represented by higher expression of 1a-hydroxylase in the kidney and increased parathyroid hormone in serum).
Introduction
Vitamin D (vitD, here representing vitD 2 , ergocalciferol and vitD 3 , cholecalciferol) requirements of humans and animals can be met either by supply from dietary sources or by cutaneous synthesis of vitD 3 . The synthesis of vitD in the skin was demonstrated for many species such as human (Holick et al., 1980; Adams et al., 1982) , rat (Holick et al., 1979) , cattle (Hymoller and Jensen, 2010) , sheep, goat (Kohler et al., 2013; Kovacs status: either the UVB irradiation reaching (latitude, season, time, clothes, sun blocker -humans) or penetrating (pigmentation) the skin as well as the 7-DHC content in the skin which is age-dependent (Holick, 1995) . Because the livestock husbandry systems restrict the access to sunlight for farm animals, they are mainly dependent on dietary vitD sources .
Vitamin D is bound to vitamin D-binding protein (DBP; Haddad et al., 1993) and transported to the liver where it is transformed to calcidiol) . This is the main metabolite in the blood and the most suitable to evaluate the vitD status (Adams et al., 1982; Watson et al., 2014) , because of its good correlation with vitD supply and its long half-life time (10 days for swine; Flohr et al., 2014) . Transferred to different tissues (primarily fat, muscle and liver), it can be stored in the body (Heaney et al., 2009; Arnold et al., 2015) . In the kidneys, 25-OH-D is metabolized to 1,25-dihydroxyvitamin D (1,25-(OH) 2 -D, calcitriol), the most active metabolite, by the 1a-hydroxylase (CYP27B1). This enzyme is stimulated in the kidney by parathyroid hormone (PTH) and inhibited by calcium (Ca), phosphorus (P) and 1,25-(OH) 2 -D (Lips, 2006; Bikle, 2012) . Both metabolites (25-OH-D and 1,25-(OH) 2 -D) are degraded by 24-hydroxylase (CYP24A1) in the kidney and skin (Holick, 2007) , stimulated by high serum levels of themselves and P and inhibited by PTH . The main function of 1,25-(OH) 2 -D is the maintenance of Ca homeostasis, although it is also involved in cell differentiation and immunomodulatory functions .
In the intestines and kidney, 1,25-(OH) 2 -D is responsible for active Ca absorption and reabsorption respectively. Binding to the cellular vitamin D receptor (VDR), it stimulates the expression of different proteins involved in Ca transport (Bronner, 2003) . In bone, 1,25-(OH) 2 -D mobilizes Ca to maintain the Ca concentration in the blood . This effect depends on PTH (stimulated by low Ca in the blood; Lips and van Schoor, 2011) .
In humans, two levels of lack of vitD are defined as vitD deficiency and 'insufficiency': vitD deficiency means 25-OH-D levels below 12.5 nmol/l and is accompanied by hypocalcaemia and rickets. Levels of 25-OH-D between 13 and 50 nmol/l indicate a vitD 'insufficiency' and are accompanied with increase in PTH, bone loss and risk of fractures (Chapuy et al., 1997; Need, 2006) , but no clinical signs can be observed.
The aim of this study was to show the ability of pigs to produce vitD in the skin, the influence of the vitD source on vitD status in blood and its effect on intestinal Ca absorption, renal Ca excretion and bone metabolism in growing pigs. The hypothesis was that pigs are able to synthesize enough vitD in the skin under the influence of UVB irradiation with all the respective consequences for their vitD blood levels and associated parameters.
Materials and methods
All experimental procedures involving animals were approved by the official veterinary authority of the canton of Zurich (Switzerland, No. 162/2012.) and were in accordance with the animal welfare law of Switzerland.
Animals and treatments
In this trial, 32 Swiss Large White fattening pigs that originated all from the same breeding farm were used during a 14-week trial (age 11 weeks until 6 months). They were housed under controlled conditions (21-19°C, 12 :12-hours light-dark cycle by artificial light, no sunlight) on concrete floor and straw bedding as lying area. Animals were fed individually restrictively meeting all nutritional requirements (Stoll et al., 2004) , and water for drinking was available ad libitum. All animals were weighed weekly.
The animals were randomly assigned to four groups (four gilts and four barrows in each group), and the following treatments were applied in a multifactorial 2 9 2 design: UV irradiation with a minimum of 23 lW/cm 2 for 75 to 105 min a week (15 to 21 min daily, 5 days per week) applied in the morning. An UV-lamp (Ultra-Vitalux 300-230 E27, OSRAM GmbH, Munich, Germany) was used as UV source, and irradiation was daily measured with a UVB-Radiometer (Solarmeter 6.2, Solartech, Glenside, PA, USA, response range of 280-320 nm) on pigs back level in the centre between two lamps. Diet variant D was a standard mixture for pigs (UFA 331-3, UFA AG, Herzogenbuchsee, Switzerland, Buehler et al., 2010; Schmid, 2011; Kovacs et al., 2015) . Colorimetric measurements for Ca, P and Mg determination were taken with an autoanalyzer (Cobas Mira Roche-autoanalyzer, F. Hoffman-La Roche, Basel, Switzerland). The bone turnover ratio was calculated (SCL:OC*1000, following called SCL:OC, Kovacs et al., 2015) to characterize the bone remodelling.
First spontaneous urine in the morning was sampled, cooled at 5°C, and pH was measured (827 pH Lab, Metrohm AG, Herisau, Switzerland) within 90 min. Afterwards, the urine was frozen and stored by À20°C until analyses for dissolved Ca, P and Mg using the same tests as in serum after hydrolysis in hydrochloric acid. Creatinine (Crea) was analysed using a commercial available test kit (CREA JAFFE, Diatools AG, Villmergen, Switzerland, Kovacs et al., 2015) . Results of Ca, P and Mg were related to Crea.
Faeces samples were taken from the rectum during 5 days, pooled per animal and stored at À20°C. Acid detergent fibre (ADF), acid detergent lignin (ADL) and hydrochloric acid-insoluble ash (HCl-insoluble ash) were analysed by van Soest et al. (1991) and proximate analysis. In crude ash, Ca, P and Mg were analysed after hydrolysis in hydrochloric acid using the same tests as in serum.
Collection and analyses of bone samples
Bone mineral density (BMD) and cortical bone thickness (CBT) of the left metatarsus were measured by peripheral quantitative computed tomography (pQCT, XCT 960A bone scanner, Stratec Medizinaltechnik, Pforzheim, Germany) in week 0 before starting the ) and distal metaphysis (10% of the length, trabecular and total BMD, peel mode 2, threshold for trabecular bone >710 mg/cm 3 ), and parameters were calculated by automated computation (Liesegang et al., 2005) . For the first measurement, animals were anesthetized intravenously (V. auricularis) with ketamine 15 mg, azaperone 2 mg and butorphanol 0.2 mg per kg bodyweight. After slaughtering, the left metatarsus was collected, prepared from tissue and stored at À20°C until the second measurement was performed.
After analyses by pQCT, all bones were ashed (dried at 105°C for 118 h, ashed at 600°C for 128 h and dissolved in 250 ml of 12% HCl) and contents of Ca, Mg and P were analysed as in faeces.
Collection and analysis of skin samples
At slaughtering, skin samples from the forehead, neck and back (all clipped in the evening before) were collected, frozen with liquid nitrogen and stored at À80°C. They were prepared as described by Morris (1999) with small modifications and analysed for 7-DHC, pre-vitD 3 , vitD 3 , tachysterol and lumisterol by high-performance liquid chromatography (Kovacs et al., 2015) .
Collection and analysis of intestine and kidney samples
Samples from duodenum (behind the minor duodenal papilla), jejunum (middle), caecum (apex, ventral haustra) and kidney (cross section) were collected. Parts of duodenum and jejunum were used for determination of active Ca fluxes (nmol/h/cm 2 , J sm = seromucosal, J ms = mucosa-serosal) by a modified Ussing Chamber experiment (Sidler-Lauff et al., 2010) . Net Ca flux was calculated from the mean unidirectional flux rates (J net = J ms ÀJ sm ).
From the remaining intestine samples, the mucosal layer was mechanically removed and like the kidney frozen in liquid nitrogen and stored at À80°C. Expression of VDR, transient receptor potential vanilloid 6 (TRPV6), calbindin-D9k (Calb-D9k) and the basal CaATPase (PMCa1b) on mRNA level was measured in the intestines. In the kidney, expression of VDR, Calb-D28k, 1a-hydroxylase and 24-hydroxylase was measured.
For RNA isolation, 20 mg of tissue was homogenized in 500 ll TRI Reagent (TRI Reagent â Solution, Ambion, Rotkreuz, Switzerland) using a handheld homogenizer (Polytron PT 1200E, Kinematica, Lucerne, Switzerland). After 5 min of incubation at room temperature (RT), 50 ll of 1-bromo-3-chloropropane was added followed by another 5-15 min of incubation at RT. Samples were then centrifuged for 15 min at 12 000 g at 4°C, and the aqueous phase was transferred into a fresh tube for further processing. After adding 250 ll isopropanol, the sample was vortexed for 10s and incubated at RT for 5-10 min followed by centrifugation with 12 000 g for 8 min at 4-25°C. Once the supernatant was discarded, 500 ll of 75% ethanol was added and the samples were centrifuged with 7500 g for 5 min at 4-25°C. The ethanol was then removed, the RNA pellet briefly airdried and finally dissolved in 200 ll RNAse-free water. Concentrations were measured by spectrophotometry using NanoDrop. Previously measured RNA samples served as a template for reverse transcription using a commercial kit (QuantiTect Reverse Transcription Kit, Qiagen, Hombrechtikon, Switzerland). All steps were performed according to the manufacturer's instructions using 1000 ng RNA in a reaction volume of 20 ll. For quantification of RNA, expression-specific primers and probes (Table 2) were purchased. For quantification of TRPV6, Calb-D9k, PMCA1b and b-actin as housekeeping-gene, reaction mixtures (20 ll) contained TaqMan TM Universal PCR Master Mix (Applied Biosystems, Darmstadt, Germany), 50 pM specific primers, 25 pM specific probe and an amount of 50 ng reverse-transcribed RNA. PCR products were amplified (50°C, 2 min, 95°C, 10 min, 40 cycles of 95°C, 15 s and 60°C, 1 min) and analysed on a real-time PCR cycler (CFX96 TM , Bio-Rad, Munich, Germany). Absolute copy numbers were determined using calibration curves generated with cloned PCR fragment standards as described elsewhere (Wilkens et al., 2009) .
For quantification of VDR, Calb-D28k, 1a-hydroxylase, 24-hydroxylase and b-actin (for VDR) and GAPDH as housekeeping genes, reaction mixtures (20 ll) contained TaqMan TM Universal PCR Master Mix (Applied Biosystems), 1 lM specific primers, 0.75 lM specific probe and an amount of 50 ng reverse-transcribed RNA. PCR products were amplified (95°C, 2 s, 45 cycles of 95°C, 3 s and 60°C, 30 s except for 24-hydroxylase: 50°C, 2 min, 95°C, 10 min, 40 cycles of 95°C, 15 s and 60°C, 1 min) and analysed on a 7500 Fast Real Time PCR System (ABI 7500Fast Sequence Detection System, Life Technologies, Waltham, USA). CT values were determined with a threshold of 0.1.
Efficiency of the different PCR assays tested in advance for dilutions of intestinal or renal cDNA and cloned standard ranged from 90% to 120%. Specificity of the amplicons of TRPV6, Calb-D9k and PMCa1b was verified using NCBI Blast (http://blast. ncbi.nlm.nih.gov/Blast.cgi). Parallel PCR assays for each gene were performed with cDNA samples, plasmid standards and a no-template control containing water. Each series of experiments was carried out twice.
Collection and analysis of feed samples
Samples of both feed variants were taken during the whole experiment, pooled over time and analysed for contents of vitD 2 and vitD 3 by an external laboratory (Eurofins Scientific AG, Sch€ onenwerd, Switzerland, EN 12821:2009-08). The vitD 2 content in both feed variants D and NO was under the detection limit of 100 IU/kg. The vitD 3 content of feed variant NO was also under the detection limit while in feed variant D it was 912 IU/kg (Table 1) .
Acid detergent fibre, ADL, HCl-insoluble ash, Ca, P and Mg of feed variants D and NO were analysed as in faeces and used for calculation of apparent digestibility of Ca, P and Mg (determined with HCl-insoluble ash, Stangl, 2014 
Results

Bodyweight
Bodyweight did not differ significantly between the groups at any time but increased weekly in all groups due to normal growth from 26.6 AE 1.90 kg before starting up to 108.2 AE 5.33 kg at slaughtering (mean daily weight gain of 0.899 AE 0.055 kg).
Vitamin D metabolites and PTH in the serum
Mean serum concentrations of 25-OH-D and 1,25-(OH) 2 -D both increased in irradiated groups (UV+/D+, UV+/DÀ, p < 0.001 for both, Fig. 1 ) compared to unirradiated groups (UVÀ/D+, UVÀ/DÀ). The mean serum concentration of 25-OH-D revealed higher levels in groups fed with vitD (UVÀ/D+, UV+/D+, p = 0.003).
Mean serum 25-OH-D concentration increased in irradiated groups (UV+/D+, UV+/DÀ) from week 0 until week 13 and 9 respectively. In group UVÀ/DÀ, 25-OH-D decreased between week 0 and 6. In group UVÀ/D+, an increase was observed from week 6 until week 13.
Mean serum concentration of 1,25-(OH) 2 -D decreased from week 3 until the end in unirradiated groups (UVÀ/DÀ, UVÀ/D+), while in irradiated groups (UV+/DÀ, UV+/D+), the levels decreased only after week 6 and 9, respectively. 
†Microsynth AG, Balgach, Switzerland.
For PTH, no influence of irradiation (p = 0.265) but a trend for vitD in feed (higher levels in groups fed without vitD, p = 0.077) was found. Over all groups, a decrease between week 0 and week 3 and an increase after week 6 were observed (p < 0.001, Fig. 2 ).
Minerals and bone markers in serum
The mean concentrations of Ca, P and Mg in the serum did not differ between groups but time effects could be observed (Table 3) . For bone markers (SCL, OC, AP, SCL:OC), no influence of irradiation or vitD in feed was observed except an interaction effect for OC in week 3 (Table 4) . Differences between the time points were detectable for all parameters. Mean SCL concentration and therefore SCL:OC increased over time after week 3. Mean serum OC concentrations increased between week 0 and 3 and declined between week 6 and 9, while mean serum AP concentration declined continuously after week 3. No correlations with each other or with 25-OH-D were found.
Urine
The mean concentrations of Ca, P and Mg in urine were not influenced neither by irradiation nor vitD in feed. Excretion of Ca increased from week 0 to week 3 and decreased afterwards every 3 weeks (p < 0.001, 1.5 AE 2.20 mmol/mmol Crea in week 0, 2.2 AE 1.8 mmol/mmol Crea in week 3, 0.2 AE 0.08 mmol/mmol Crea in week 13). After week 6, excretion of P increased until week 13 (p < 0.001, 0.1 AE 0.02 mmol/ mmol Crea in week 6, 0.4 AE 0.29 mmol/mmol Crea in week 13), while excretion of Mg decreased until week 9 (p < 0.001, 1.5 AE 0.72 mmol/mmol Crea in week 6, 1.0 AE 0.40 mmol/mmol Crea in week 9).
Bone mineral densities and bone mineral contents
At the beginning of the experiment, no differences were found between the groups, neither in BMD nor CBT. Parameters of BMD as well as CBT increased over time, with trabecular BMD (metaphysis) as the only exception (p = 0.260 between week 0 and week 13).
Analysed mineral contents of Ca, P and Mg in bones (Table 5) as well as the parameters of BMD in week 13 were not influenced neither by irradiation nor vitD in feed (Fig. 3) . Correlations between the content of Ca and P and the serum level of 25-OH-D were found (Table 5) .
Vitamin D metabolites in the skin
Mean 7-DHC concentration in the skin of the forehead was higher in irradiated (UV+/D+, UV+/DÀ) compared to unirradiated groups (UVÀ/DÀ, UVÀ/D+, Table 6 ). Mean concentration of pre-vitD 3 was not influenced neither by irradiation nor by vitD in feed. Due to missing data for vitD 3 and tachysterol, only a two-factorial ANOVA was performed for every single localization (leaving repeated measurements as factor). For vitD 3 in the skin, no influence of irradiation or vitD in feed was observed. The concentration of tachysterol in the skin of the back was higher in irradiated groups (UV+/D+, UV+/DÀ) compared to unirradiated groups (UVÀ/D+, UVÀ/DÀ). Lumisterol was found just in very few samples; therefore, no statistical analyses were performed.
Ussing chamber experiment
In both duodenum and jejunum Ca net absorption was found (Table 7) , which was positively correlated with 25-OH-D level in serum (r = 0.466 and p = 0.011 for duodenum and r = 0.550 and p = 0.002 for jejunum). For 1,25-(OH) 2 -D, only a trend was observed (p = 0.061 and p = 0.055 respectively). Ultraviolet B irradiation enhanced muco-serosal Ca fluxes and therefore the net absorption of Ca in both duodenum and jejunum. Sero-mucosal Ca fluxes were not influenced neither by UVB irradiation nor by vitD content in feed. In unirradiated groups, the Ca net absorption was higher in duodenum compared to the jejunum (p = 0.037). This effect was not seen in the irradiated groups.
Expression of mRNA in the kidney and the intestines Expression of 1a-hydroxylase was negatively influenced by vitD in feed and UVB irradiation (Table 8) and correlated with 25-OH-D level in serum (r = 0.494, p = 0.006). Expression of 24-hydroxylase was higher in group UV+/DÀ compared to group UVÀ/D+. Expression of VDR was not influenced neither by irradiation nor by vitD in feed, but trends were observed in the small intestines and kidney. Expression of Calb-D28k in kidney was influenced by irradiation.
Expression of VDR, TRPV6, Calb-D9k and PMCa1b in the intestine was influenced only by localization with decreasing levels in lower intestines and did not 
Digestibility
Digestibility of Ca decreased with time (Table 9 ) but no influence of UVB irradiation or vitD in feed was observed. Digestibility of Ca did not correlate with serum levels of 25-OH-D or 1,25-(OH) 2 -D at any time point nor with the results of Ussing chamber experiment (p = 0.634 for duodenum and p = 0.511 for jejunum) in week 13.
Digestibility of P was influenced by UVB irradiation only in week 13 resulting in higher digestibility in group UV+/DÀ than UVÀ/DÀ. No other effects were observed. Mean digestibility of Mg was increased in groups fed with vitD (UVÀ/D+, UV+/D+) and showed no time effect (Table 9) .
Discussion
Vitamin D synthesis in the skin
Under continuing UV irradiation, the metabolites lumisterol and in a lower amount tachysterol are formed from pre-vitD 3 (Holick et al., 1981) preventing a vitD intoxication. In our study, a higher content of tachysterol than lumisterol was found. The reason for this remains unclear, but proportion of synthesis depends on the applied wavelength (Webb and Holick, 1988) , absorption capacity in the skin and transfer of the products from skin by DBP which has highest affinity for vitD (Haddad et al., 1993) . After an incubation for 30 min at body temperature -comparable with the delay between irradiation and slaughter in our study -pre-vitD 3 isomerizes to vitD 3 but the ratio between lumisterol and tachysterol does not change (Obi-Tabot et al., 2000) , but Tuckey et al. (2014) showed metabolism of lumisterol by CYP11A1 (cytochrome P450scc, catalyses the synthesis of pregnenolone from cholesterol) within 90 min of incubation. Also a different equilibrium in pig skin can explain the higher amount of tachysterol than lumisterol in our study.
In line with Takada et al. (1981) , high UVB doses lead to an increase in 7-DHC in the skin. The explanation seems to be a decreased activity of the 7-DHCreductase in keratinocytes induced by high vitD and 25-OH-D concentrations in serum (Zou and Porter, 2015) with the goal to provide all the 7-DHC in skin for the vitD synthesis as a positive feedback regulation. Although the used UVB dose in our study was lower compared to the dose used by Takada et al. (1981) , it was enough to enhance the 7-DHC content Fig. 3 Bone mineral density of left metatarsus in pigs fed with a vitamin D-deficient diet (UVÀ/DÀ) or a diet adequate in vitamin D (UVÀ/D+) and their respective equivalents exposed to irradiation (UV+/DÀ and UV+/ D+) after slaughtering in week 13. Bone mineral densities were determined with pQCT(peripheral quantitative computer tomography) at diaphysis (50% of length) and distal metaphysis (10% of length).
(in forehead) or at least prevent a decrease in the skin as a long term effect (other localizations).
Vitamin D status in the pigs
The 2 9 2 factorial design of the study resulted in three different levels of vitD status (concentration of 25-OH-D in serum: UV+/D+ and UV+/DÀ > UVÀ/ D+ > UVÀ/DÀ). Arnold et al. (2015) also found an increase in 25-OH-D levels in both summer and outdoor pig herds (for finisher: 61.4 AE 3 nmol/l in January, in June for confined pigs 70 AE 3.3 nmol/l and for outdoor housed pigs 214 AE 8.2 nmol/l). In minipigs, Burild et al. (2015) demonstrated an increase in vitD and 25-OH-D levels in blood after daily exposure to UV irradiation (study 1: from 12.5 to 20 nmol/l before start to over 300 nmol/l after 120 days) and a decrease after stopping the exposition to UV light (study 2: from 22.5-37.5 nmol/l at start up to 100-200 nmol/l after 49 days of irradiation to 8.7-12.5 nmol/l after 67 days without irradiation or oral supply). Irradiated groups had a 25-OH-D level in serum comparable or higher than outdoor housed herds in June (Arnold et al., 2015) . The high availability of 25-OH-D resulted in higher 1,25-(OH) 2 -D levels in serum than in unirradiated groups (Vieth, 1990) . The activity of the renal 1a-hydroxylase is strongly regulated by serum PTH, Ca and P (Holick, 2007) , which were not altered in our study (except PTH in week 13).
Levels of 25-OH-D in group UV+/DÀ increased at the beginning but stagnated in the last 3 weeks. A possible explanation can be the higher level of 24-hydroxylase compared to group UVÀ/D+ resulting in a higher degradation of 25-OH-D and 1,25-(OH) 2 -D. An insufficient vitD synthesis in the skin by UVB seemed to be unlikely, because an elevated 24-hydroxylase and an increased active Ca absorption were observed. In addition, the used UVB dose was supposed to produce over 9600 IU vitD per week at the end which would cover the demand of a 100-kg pig of 3500-14 000 IU per week (Kamphues et al., 2004 (Kamphues et al., , 2014 Stoll et al., 2004 ). An irradiance of 20lW/cm 2 for 100 min a week leads to a radiant exposure of 1200 J/m 2 a week which is equivalent to 0.96 MED for unshaved pig skin (Kawagishi et al., 1998) . In humans, 1 MED enables the production of 10 000 IU vitD (Holick, 1995) .
Recommendations for vitD in feed for pigs range from 200 IU/kg DM (Kamphues et al., 2014) to 400 IU/kg feed (Stoll et al., 2004) for fattening pigs, while a 100 kg pig has an estimated intake of 3 kg feed/day. Group UVÀ/D+ had vitD only from feed. Content of vitD in feed was over the Swiss official recommendation of 400 IU/kg (Stoll et al., 2004) ; therefore, group UVÀ/D+ could cover its demand easily ) normalized to either b-actin (intestinal segments) or GAPDH (glyceraldehyde 3-phosphate dehydrogenase, kidney) in pigs fed with a diet adequate in vitamin D and irradiated (UV+/D+), kept on a vitamin D-deficient diet without (UVÀ/DÀ) and combined with irradiation (UV+/DÀ) in relation to results from pigs kept on a diet adequate in vitamin D without any further treatment (UVÀ/D+, determined as '1'). Statistical analysis was carried out using two-way ANOVA for the factors D und UV followed by Tukey's multiple comparisons test. Kruskal-Wallis test followed by Dunn's multiple comparisons test was used for data that were not normally distributed. Not significant: n.s. Not applied: n.a. Mean AE SEM what is also confirmed by 25-OH-D levels in serum which were higher than in other studies (Arnold et al., 2015) .
Study group UVÀ/DÀ showed higher levels of 25-OH-D compared to pigs in other studies (Burild et al., 2015) . In addition, no clinical signs of vitD deficiency like rickets or lameness were evident although body stores are known to cover a lack for only a week (Heaney et al., 2009) . A beginning vitD 'insufficiency' in group UVÀ/DÀ is indicated by an upregulation of 1a-hydroxylase in the kidney, resulting in a similar level of 1,25-(OH) 2 -D as in group UVÀ/D+, which is necessary for holding Ca level in blood. Another possible explanation can be a lower activity of 24-hydroxylase. It would have been interesting to observe these animals over a longer period.
Vitamin D is known to have other functions than Ca homeostasis. For example, higher levels of 25-OH-D in serum are associated with lower risk of cancer. The local production of 1,25-(OH) 2 -D induces apoptosis in malignant cells as a paracrine effect (Holick, 2007) . Also a decreased risk of autoimmune diseases such as diabetes type 1 and multiple sclerosis is known (Lips, 2006; Holick, 2007) , while vitD deficiency is also associated with recurrent infections (Dusso et al., 2005) . These effects were not included in this study but should not be disregarded for evaluating the optimal vitD status and vitD supply respectively.
Influence on intestinal absorption
Although the results of Ussing chamber experiment showed clearly the effect of 25-OH-D in serum on active Ca absorption, neither the expression of involved genes (TRPV6 for apical Ca entrance, CalbD9k for transcellular Ca transport, PMCa1b for basal Ca excretion) nor the calculation of digestibility of Ca confirmed this. No correlations of 25-OH-D and 1,25-(OH) 2 -D concentration in serum with the expression of involved genes were detectable. Numerous studies demonstrated a vitD-dependent regulation of the involved transcellular pathways by vitD Table 9 Digestibility of Ca, P and Mg (calculated with HCl-insoluble ash as indicator) in pigs fed with a vitamin D-deficient diet (UVÀ/DÀ) or a diet adequate in vitamin D (UVÀ/D+) and their respective equivalents exposed to irradiation (UV+/DÀ and UV+/D+). Statistical analysis was carried out using a two-way ANOVA for the factors D and UV followed by Tukey's multiple comparisons test. Kruskal-Wallis test was used for data that were not normally distributed. Not significant: n.s., not applied: n.a. Mean AE SD (Bronner, 2003; Hoenderop et al., 2005; Schroeder and Breves, 2006; Diaz de Barboza et al., 2015) . Most studies used a Ca-deficient diet to investigate the intestinal Ca absorption. The diet in this study was sufficient in Ca; therefore, it can be argued that the paracellular pathway played a more crucial role (Bronner and Pansu, 1999) . For mice and rats, the paracellular pathway can ensure the Ca level in the serum when Ca content of the diet is high enough, contrary to the situation in growing pigs (Schlumbohm and Harmeyer, 2004; Schroeder and Breves, 2006) . In addition, an influence of 1,25-(OH) 2 -D on paracellular Ca absorption by solvent drag was found for duodenum in female rats (Tudpor et al., 2008) by crosstalk between transcellular and paracellular pathways (Wasserman, 2004; Diaz de Barboza et al., 2015) and non-genomic action of 1,25-(OH) 2 -D was found to stimulate the vesicular Ca transport to the basal membrane (Dusso et al., 2005; Bikle, 2012) . Besides, other currently unknown involved pathways might intervene in the absorption of Ca as well. In TRPV6 D541A/D541A knock-in mice (impairing the TRPV6 function) active Ca net absorption was high enough to ensure normal serum Ca levels, indicating the presence of alternative Ca channels such as TRPV5 or Cav1.3 or paracellular pathway (Diaz de Barboza et al., 2015) . In addition, at the basolateral membrane, a Na/Ca exchanger responsible for 20% of basal Ca excretion and a 4.1R protein modulating the PMCa1b-activity (Diaz de Barboza et al., 2015) are known.
Digestibility of Mg was increased by vitD in feed indicating a higher absorption in the intestines and also found in other studies (Pointillart et al., 1995) but dependence on vitD is controversially discussed (Hardwick et al., 1991; Lameris et al., 2015; ) . In our study, Mg digestibility was influenced by vitD content in feed but did not correlate with 25-OH-D or 1,25-(OH) 2 -D in serum, indicating that presence of vitD in the intestinal lumen changes conditions and therefore influences the absorption of Mg like it is known by intestinal acidity (Thongon et al., 2014) . Therefore, the apparent digestibility in the groups fed with vitD (UVÀ/D+ and UV+/D+) are high but known in growing pigs (around 30-40%; Pointillart et al., 1995; Kammlott et al., 2005; Matsui, 2007) .
Influence to the bone metabolism
The reported contents of Ca and P as well as the Ca:P ratio are within the range of results found in bones of other studies with pigs (Ursprung, 2001; Liesegang et al., 2005; Schmid, 2011) .
If Ca requirements are not covered by intestinal absorption due to deficiency in dietary Ca or a lack of vitD, Ca is mobilized from the bone leading to rickets in growing individuals . Demineralization due to mobilization of Ca will weaken the bone. This bone weakness will be compensated by the up-building of more bone tissue, which will consequently be poorly mineralized. In pQCT these changes can be demonstrated by a higher CBT and decreased cortical BMD. When mineralization subsequently takes place, BMD will increase . On the other side, 1,25-(OH) 2 -D is known to inhibit bone mineralization (St-Arnaud et al., 2000; Sun et al., 2016) . Sun et al. (2016) found that subcutaneous injections of a physiologically high dose of 1,25-(OH) 2 -D (250 ng/kg body weight, releasing a maximal physiological response in normal rats) over 3 weeks in newborn rats led to decreased trabecular bone volume measured in histologically sections of the tibial metaphysis. In contrast, piglets were reported to show serum levels of 25-OH-D up to 900 nmol/l without any changes in content of Ca and P of the bones (von Rosenberg et al., 2016) . These pigs were fed 500 lg 25-OH-D/kg feed for 42 days (corresponding to 20 000 IU vitD/kg feed; Lauridsen et al., 2010) . The effect of 1,25-(OH) 2 -D on bone (stimulation or inhibition of bone resorption and mineralization) depends on dose and PTH level in blood (Sun et al., 2016) . Reported values for 25-OH-D with negative effects on bone metabolism (reduced mineral contents) are rare and vary highly. Wimsatt et al. (1998) reported on pot-bellied pigs with clinical signs of hypervitaminosis D (weakness, polyuria, polydipsia, hypercalcemia), low serum PTH of 4 pmol/l and high 25-OH-D levels over 320 nmol/l. These pigs were fed more than 40 000 IU vitD/kg feed for 18 days. In contrast, Chakraborty et al. (2015) described a woman with 25-OH-D level of 1060 nmol/l without any clinical signs.
In our study, no differences in the measured parameters were found between groups (pQCT, parameters in bones and blood). This indicates a sufficient vitD status for physiological bone mineralization by the time in all pigs and goes along with the fact that no clinical signs of rickets could be observed.
Increase in SCL reflects the increasing bone mass in growing individuals while decrease in AP and OC is founded in a lower activity of osteoblasts and therefore slower increase in bone mass over time. Increase in SCL and decrease in OC both increase the SCL:OC which is known in growing individuals .
